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BOND BETWEEN CONCRETE AND STEEL.
I. INTRODUCTION .
It is generally conceded that the bond between concrete
and steel consists of adhesion, frictional resistance, and
shear. A combination of these form the total bond. However,
the frictional resistance or shear is in excess of the other
two according to the kind of bar used.
Adhesion is that part of the bond which is caused by
the molecular attraction of the concrete for the steel. When
a steel bar is removed after being imbedded in concrete there
will be a layer of mortar covering the bar as an evidence of
the molecular attraction of the concrete for the steel. As to
the amount of this attraction not much is known, it being very
difficult to divide bond into its three components.
The frictional resistance is the resistance of the
.
concrete to the movement of the bar after it has had an initial
slip. With the plain bars this is the largest part of the bond.
The shear and the adhesion are destroyed with the initial slip
of the bar.
The purpose of these tests is to determine the effect
of consistency of the concrete, to determine bond developed
with flat bars, also tests to determine the movement of bars
before the maximum load is reached. Tests were also made on
beams reinforced with horizontal rods and stirrups to determine
the amount and nature of the bond developed.

All of the specimens and tests in this thesis were
made in the Laboratory of Applied Mechanics, and, under
the direct supervision of Professor A. N. Talbot and his
assistants
•
The specimens used in the 1907 tests were made by
Mr. Stookey of the class of 1907, and the author. We did
all of the measuring and mixing of ingredients, arranging
of moulds, etc. Also made tests of the physical properties
of the sand, 'stone, and cement used.
The 1908 specimens, including fifteen specimens
with flat bars and five with round rods, were made by the
men regularly employed in the laboratory under the
supervision of Mr. Abrams. The testing was done by the
author with the assistance of another student, who operated
the machine.
The only object of the beam tests in connection
with this thesis was to show the effect and relation of
bond as a means of resisting stresses in reinforced beams.
Both sets of tests were made during the month of
May, 1907 and 1908, and practically the same conditions
existed for both years.
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II. THEORY AND AVAILABLE DATA.
Experiments by Marsh, De Joly, M. Feret, and M. Considere
have proven that the frictional resistance is the principal
item of "bond. In a thesis on this subject presented at the
University of Minnesota the following conclusions were arrived
at
(1) With plain bars from 40 to 80 per cent of the bond
is due to frictional resistance between the concrete and the
steel
(2) Shape of the bars has an effect on the total bond.
(3) Shear and real adhesion constitute a part of the
total bond.
(4) The bond with patented bars is due largely to shear
of the concrete.
In a paper written by T. L. Condron, presented before
the Western Society of Engineers, is given an account of the
experiments of Professor C. E. De Puy, of Lewis Institute. He
does not, however, divide the subject of bond into its component s.
He states that there is a remarkable lack of uniformity in
bond determined by different experiments. He gives the
following table with the authority, maximum and minimum
amounts of bond developed in lb. per sq. in. of imbedded
surface for plain round and square bars:

Zeitschrift des Vereins Deutcher Engenieure
(Vol. 49, ! 05) Cement Age, Oct., 1905 — 83 to 592
E. Morsh, (Prom Benton und Eisen 1903) — 100 to 696
C. S. Wheeler, U. S. Assistant Engineer - 111 to 556
Prof. A. N. Talbot, University of
Illinois 174 to 386
Prof. C. E. De Puy, Lewis Institute 188 to 341
Prof. C. W. Spofford, Massachusetts
Institute of Technology 219 to 374
S. W. Emerson, Case School of Applied
Science 278 to 587
Prof. P. H. Constant, University of
Minnesota 316 to 854
Prof. W. K. Hatt, Purdue University 470 to 756
Prof. Bauschinger (Prom Buel and Hill) — 570 to 640
The proportions used in the concrete of De Puy, were
one of cement, two of sand, and four of "broken stone and
mixed to form a wet concrete. The bars used were round,
square and deformed bars with an imbedment of eight to
twenty-four in. and tested at an age of from 25 to 31 days.
In these experiments but one bar was used in each specimen
and this bar extended 3/4 of an in. beyond the concrete
block. In testing a spherometer was placed on this end and
with an electrical connection the exact time at which the
rod moved could be noted and also the extent of the move-
ment .

In the University of Illinois Buletin No. 1,
Vol. II, is riven the results of experiments carried
on "by Mr. Davis. The materials used were the same as
used in this thesis except a slight difference in
quality. The test pieces, however, contained hut one
rod which was flush with one end of the cylinder and
projected 15 in. "beyond the other end. The rods were
imbedded 12 in. in a six-in. cylinder. The range of
bond per sq. in. of net surface of imhedment was
from 298 to 639 lb. for the Johnson bar and from
174 to 360 lb. for the plain rods. Mr. Davis concluded
that a 12 in. length may be more than should be used i
this test. No attempt was made to divide the bond into
its components.
Mr. Kirk in a thesis upon this subject,
presented in 1906 came to the following conclusions:
(1) The bond with patented bars, as the Johnson
bar, is due largely to the shearing of the concrete
as shown by the concrete remaining between the
projections of the rod.
(2) With plain rods 50 per cent to 75 per cent of
the total bond is due to the running friction between
the concrete and the steel.
(3) The bond with rods having a rough and rusted
surface is greater than with rods having a smooth
surface. The same may be said of the running friction.
(4) The shape of the rod has quite an effect on
the bond.

(5) The bond is greater with rich mixture than with
lean ones.
(6) Shear and adhesion form a part of the total bond.
(7) The safe allowable working stress for bond of
plain rods in ordinary conditions should not exceed 125
to 150 lb. per sq. in. of surface exposed to concrete.
(8) There is very little difference in the bond per
sq. in. for long and short imbedded lengths for the same
type of rods and mixture.
Mr. Stookey in a thesis upon this subject,
presented in 1907 came to the following conclusions:
(1) The bond developed in moist storage is greater
than that of dry storage.
(2) Bond with deformed bars is due mostly to the
shearing resistance of the concrete.
(3) In general the richer the mixture the higher the
bond stresses developed. The running friction also in-
creases with the richness of the mixture.
(4) Running friction is equivalent to from 40 to 75
per cent of the total bond.
(5) Shear and adhesion form a part of the bond.
(6) Tension of concrete from 156 to 174 lb. per so.
in. was developed in specimens which failed by tension in
the concrete.
(7) That the stirrups in the beam tests take the diagi
al shearing stresses.
(8) That the beams failed by bond at an average bond
stress of 330 lb. per sq. in.
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III . MATERIALS , TEST PIECES AND METHODS OP TESTING .
The materials used in this thesis were such as are
used in standard practice, and in other tests of reinforced
concrete in the laboratory.
STONE
:
The stone used in the 1907 tests was Kankakee lime-
stone with 43.8 per cent, of voids; in the 1908 tests the
same stone was used with 54.7 per cent. of voids.
Fineness Test of Stone.
Size of Seive Per Gent. Passing
(in.) 1907 1908
1 1/4 92.2 100.0
1 73.7 100.0
3/4 89.2
1/2 5.9 54.7
3/8 37.8
1/4 1.4 16.7
1/8 0.8 4.1
The 1907 stone was furnished by the Joint Committee,
and is a little harder than most of the stone fror. the same
quarry
.
SAND:
The sand used in the 1907 tests was from near the
Wabash River at Attica, Indiana. It is a coarse, rather sharp
and clean sand with 42.6 per cent, of voids.
The sand used in the 1908 tests was from the same
locality, sharp and of good quality, and with 41.8 per cent.
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of voids. This sand was somewhat coarser than the sand used
in the 1907 tests, as is shown in the table below. This table
is made up of the average from a total of five samples in the
1907 tests and seventeen samples in the 1908 tests.
Fineness Test of Sand.
Seive No.
3
Per Cent.
1907
Passing
1908
97.8
5 98.2 86.3
10 78.8 61.5
12 53.2
16 59.5 46.8
18 35.5
30 27.4 19.8
40 17.7 10.9
50 10.2 4.6
74 5.1 2.4
150 0.56
CEMENT:
The cement used in the 1907 tests was Chicago A-
A
purchased from the Sheldon Brick Co., of Champaign, Illinois.
This is only a moderately fine cement, 72 per cent, passing
a number 200 seive. The tensile strength of this cement,
both neat and mixed, one to three with sand, is shown in the
table below.
The cement used in the 1908 tests was Chicago A-A
purchased from the Sheldon Brick Co., of Champaign, Illinois,
but was finer ground than the cement used in 1907, since 80.6
per cent, passed a number 200 seive. The tensile strength of

9the cement used in 1908 is given in the table helow, with the
1907 tests, and shows a greater tensile strength for the neat,
and less for the 1-3 mortar for 7 days and for 28 days. The
1-3 mixture is one part cement and three of sand. The test
specimens were in the form of "briquettes.
Tensile Strength of Cement.
Ref Ultimate Strength in lb. per sq. in.
No. Age 7 days . Age 28 days.
Neat 1:3 Mortar Neat 1:3 Mortar
1907 1908 1907 1908 1907 1908 1907 1908
1 455 811 340 182 730 793 460 284
2 620 666 300 997 750 833 500 307
3 545 665 290 175 755 779 450 266
4 732 192 857 318
5 559 145 707 247
Av. 540 686 310 184 740 794 470 285
Note:
Briquette tests were made "by cement laboratory ass-
istants. General samples were sent for tests once each month.
These samples apply to the 1908 tests.

STEEL
:
For all tests, except where deformed bars were called
for, use l/2 in. and 3/4 in, mild steel, round rods. Two
sizes of flat "bars were used in the 1907 tests, namely: 1 x
l/4 in. with 8 in. double imbedment, and 1 l/4 x 3/8 with 8 in.
double imbedment. In the tests with flat bars made in May
1908, three sizes were used namely: 1 x l/2 in., 1 l/4 x 3/16,
and 2 x l/4 in., also tests with 3/4 in. round rods, all 8 in.
single imbedment. The 3/4 in. round, mild steel rods were used
in these tests for comparisons. Also tested 3 6-in. concrete
cubes in connection with the flat bar tests. The elastic limit
of the mild steel was 40,000 lb. per sq. in.
MOULDS OR FORMS:
The forms consisted of sheets of galvanized iron bent
to form cylinders 8 in. in diameter, and 16 in. long, for the
1907 tests. These forms were held in place in cylindrical
shape by a band of iron at each end. The ends of these metal
bands were held together by means of a bolt so that the size
of the mould could be adjusted. These moulds were set up for
use upon the 12 in. face of an 8 x 12 in. wooden beam, which
rested on the floor of the laboratory. Two rods were used for
each specimen, meeting at the center of the form, so, in order
to hold the rods in place at the axis of the moulds, holes
the size of the rods were bored in the 8 x 12 in. beam, and
also in a 2 x 4 in. scantling, which was supported by a
wooden leg or bracket at each end of the beam, and about
20 in. directly above it, so that both sets of holes were in
a vertical line. The ends of the rods, at the center of the
forms, were held together by means of a ferrule or small
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metal "band. The forms used in the 1908 tests were of the same
material and cylindrical shape, hut 8x8 in. instead of 8 x 16
in., since these were used only for single imhedment . Each
specimen was "built upon a separate circular metal base plate.
The moulds were held to form "by metal hands, hut the free ends of
the rods passed between two 8 in. steel channels, with the
mould resting on top. these specimens were much more easily
made than those of the previous year.
METHOD OF MAKING THE SPECIMENS:
The moulds were ready to receive the concrete after
being set as described above. In mixing the concrete, the
sand was measured out by bulk in tin buckets and placed upon
the steel mixing board, then the cement was proportioned
in a similar manner, and the two ingredients thoroughly mixed
dry. The crushed stone,which had been wet in advance, was
measured as before, added to the mixture of sand and cement.
The whole mass was then thoroughly mixed until a uniform
color was obtained. Sufficient water was added to make a
reasonably wet concrete, and this mass thoroughly mixed until
it was uniform in consistency. All specimens, except where
otherwise stated, were made of a 1:2:4 mixture and measured
only. The concrete was introduced into the moulds in thin
layers of about 2 in. , and thoroughly tamped until it was
in a quaking condition. The tops of the specimens were care-
fully leveled off, and, when sufficiently set, they were marked
for future reference, and notes were taken as to the date
and conditions of the making. After four days the specimens
were removed from the forms and stored in moist sand, until
the time for testing. Unless otherwise specified, all

specimens were made from 1:2:4 mixture, and tested at thirty
days. Three specimens were made with a very wet mixture,
three of a medium, and three very dry were also made, to
show the effect of consistency of concrete upon bond. The
first three were made of a wetter mass than for a good
standard quality; the second mixture was about standard; and
a third hatch was exceedingly dry, with no sign of water
on top after the specimens were thoroughly tamped. Made three
specimens each for lxl/4 in. and 1 l/4 x 3/8 in. flat bars
in 1907 tests. For the 1908 tests with flat bars 1 x l/2 in.,
1 l/4 x 3/16 in., and 2 x l/4 in. rods were used and 5
specimens of each were made, also 5 specimens with 3/4 in.
round rods. Five specimens were made with single imbedment
for testing by the Lewis Institute method, and 5 specimens
with single imbedment for testing by the Encased Steel method.
TESTING APPARATUS:
The testing of the 1907 specimens was all done upon
the three-screw Olsen testing machine. This machine has a
capacity of 100,000 lb. The slowest speed of about 0.02 in.
per minute was used in these tests. The rod at each end of
the specimen was placed through the heads of the machine,
and the round rods were held by a nut screwed upon the
threaded end, on the outside of the plate. The flat bars
were held by the machine grips in the usual way. The maximum
load and the running friction were noted, except where other-
wise. The bond in lb. per sq. in. of imbedded surface was
calculated. In the Lewis Institute method tests an exten-
someter was used and the slip for each increment of load was

recorded and the initial slip also
.
The testing of the 1903 specimens was done upon the
Riehle testing machine. This machine has a capacity of 100,000
lb., and the slowest speed, about 0.05 in. per minute, was
used in these tests. The specimen was placed on top of the
upper head of the machine with the rod projecting downward
through the jaws of the lower head, and, held by clamp-jaws
in the usual manner. An extensometer was arranged to rest upon
the small projection of the rod at the top of the specimen,
and readings were taken of the slip at 0,001 in. to 0.005 in.
inclusive, then 0.010 in., 0.015 in. to 0.030 in., then each
0.010 to 0.030 in. as a final reading. The bond in lb. per
sq. in. was calculated.
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MATERIALS AND METHODS OF MAKING AMD TESTING THE BEAMS.
The materials used in making the "beams were the same
as those used in the 1907 "bond specimens, except that Universal
cement was used. This cement is a little finer ground than
the Chicago A-A, hut gave about the same values in tensile
strength. The proportions of concrete used were 1:2:4: and
the method of reinforcing, see figure below, consisted of
a 1- in. round mild steel rod 6 ft. 3 in. long, parallel to
the length of the beam, at the middle of the width, and about
10 in. below the top surface. Prom the quarter points, out-
ward to the ends of the beams were placed l/2 in. corrugated
steel stirrups, spaced 6 in. apart. These stirrups were of
V shape and enclosed the one in. longitudinal bar. The beams
were 8 x 11 in. by 6 ft. 6 in. long and 6 ft. between bearings
when being tested.
Pig. 1.
O" 6" e 33
1
1— -4 1 J uLfci—
e — o
The beams were tested upon the four-screw Olsen
machine of 200,000 lb. capacity. The speed used was about
0.04 in. per minute. The loads were applied at the third points
with a span of six feet. The necessary apparatus was set up
and the deflestions for each increment of 2000 lb. was read.
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The maximum load, and form of failure was also noticed. A
string was stretched along each side at the middle of the beam,
so, by the aid of two scales and mirrors, the deflections
on each side could be read and the average taken as a final
reading.
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IV. EXPERIMENTAL DATA AND DISCUSSION .
The results of these tests are tabulated under the
heads of effect of consistency of the concrete, tests with
flat bars, and comparisons with the round bars, tests for
movement of bar before maximum load, by Lewis Institute method,
and be Encased Steel method, and the beam tests. The tables
are placed at the end of this thesis. The results vary a
little more than should be expected. Especially did the tests
on flat bars prove unsatisfactory, hence a second set of
specimens were made and tested in May 1908.
Table I gives the results of tests on the effect of
consistency of the concrete. The table shows a decided increase
in bond of the medium mixture over both the wet and the dry.
However, there is such a small difference between the wet and
the dry specimens, that it is difficult to make comparisons,
except that the excessive wetness in one case just about
equalled or balanced the excessive dryness in the other case.
It might also be stated that these consistency specimens were
about the first made, and hence, that the mixtures were not
as good, nor our methods of making as good as in those
following. The medium mixture gave a good average test, but
the wet and dry were not so good.
Table II gives the results of tests made upon flat bars.
The tests made in the Spring of 1907 were with but two sizes
of bars, and three specimens each. Better results would have
been obtained with more different sizes of bars, and mors
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the
specimens for each, probably at least five of Alatter. The
tests made were rather consistent , but too low compared with
the round bar tests.
The tests with flat bars were repeated in the Spring
of 1908, using more sizes of bars, more specimens, and with
single imbedment. Specimens with the round rods were also made
from the same mixture, and more satisfactory results were
obtained. The average bond for the flat bars, three sizes, was
181 lb. per sq. in. compared to 302 lb. per sq. in. for the
round rods.

IS.
The running friction, found in each case, proved to
he rather variable and uncertain. It was evident by comparing
tests on the round bars with the corrugated bars, which Mr.
Stookey used, that the running friction was greater in the
deformed bars, which was what one would expect from the
general nature of bond and shear, the latter of which, would
be an important factor in increasing the running friction
with the corrugated bars. Mr. Stookey also found that the
running friction increased with the richness of the mixture,
which was contrary to the results obtained by Mr. Kirk in 1906.
The condition of the bars used, whether smooth or rusty, would
alike effect the running friction, as well as the bond. Of
course, an effort was made to have the bars all of a uniform
smoothness, but the metal was more or less subject to rust,
if exposed, or stored in a damp place. It is also difficult
to divide bond between concrete and steel into its components,
in order to determine the exact amount of adhesion and shear
entering in. For this reason no attempt was made to determine
the separate elements. The only mortar found upon a plain
round rod, which had been forced from the concrete, was small
particles which filled the small indentations or irregularities
in the surface of the metal. As there was no apparent coating
of mortar upon the extracted rod, it was evident that the
shearing strength of the mortar was greater than the adhesive
stress between the concrete and the steel. Real adhesion
between the metal and the concrete is probably a very small
part of the total bond, as was shown in many cases where the
rods were extracted by splitting the concrete block longi-
tudinally. When the rod was removed a smooth surface was

noticed in the semi-circular groove. Especially would a small
amount of rust on the rod reduce the adhesion to an almost
negligable quantity.
Table III gives the results of the Lewis Institute
method for movement of "bar before maximum load is reached.
The initial slip is the most important factor noted in these
tests. This table is self explanatory.

2. BEAM TESTS.
Introduction:
It is a well known fact among engineers that the bend-
ing at the center or flexure in a wood or a steel "beam can
be scientifically and accurately determined with the aid of
a few principles of applied mechanics. Many formulae have
been devised by engineers and mathematicians, and since there
is no irregularity in the action of a uniform material, it
is found that the actual flexure of wood or steel beams can
be readily computed. With reinforced concrete beams, however,
there are various complications which make the process of
determining the flexure difficult. Here it is necessary to
determine the actual stresses developed in the various ways
of reinforcing. A reinforced concrete beam may fail in one
of the following methods: 1, tension in the steel: 2, shearing
of the concrete; 3, bond, or slip of bars: 4, compression of
concrete ; 5, diagonal tension of concrete; 6, by splitting
of concrete from reinforcing bars. In this thesis only the third
condition, bond or slip of reinforcing bars, will be considered.
It is usually taken for granted that the supports will
allow a free longitudinal movement, that the loads are applied
uniformly and at right angles to the axis of the beam, and
that the metal and the concrete will remain together and
move as one material, and so stretch together until the
beam fails. The tensile strength of the concrete is also
known to be very small, and hence, that stress must be almost
entirely taken up by the steel. If there is no metal in the

"beam to take up the shear, and connect the upper a^d lower
or tension and compression portions, then the concrete must
take this web stress. A beam acts just as a steel girder with
the top flange in compression and the lower flange in tension,
when a load is applied from above. In the girder we have the
web plate which connects the two; the compression in the
upper flange decreases from the outer surface toward the
center or neutral axis where it is practically zero. So with
the tension, which decreases from the outer fibers until it
is zero at the neutral axis. Therefore in the reinforced beam
these intermediate stresses at the central elements of the
beam must be carried by the concrete, if there is no web
reinforcement. The greater stress in the extreme elements
from the neutral axis will be at the center of the supported
span, since the bending moment is greatest at that point.
There is therefore a tendency of the rods to slip as they are
stressed in transferring the tension and compression into
the web. The amount of resistance to slip thus develop d
is called bond, and is calculated in terms of the area of
the surface in contact with the concrete. It is seen that the
total bond developed on the surface of the bars in a unit
of length is equal to the total change in total tensile stress
in the bar for the same unit of length. Again, as in the case
of the steel girder, the bond may be compared to the stress
in the rivets which transfer the stress from the flanges to
the web, except that in the beam the contact is continous.
The complicated construction, and action of reinforced con-
crete beans are likely to make the stresses vary to a considerable
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degree, especially with different methods of loading, and
reinforcement. Some such stress will reach the resisting
power of the material, and this stress evidently is the one
that will control the strength of the beam. Whether it will
he the bond failure, or otherwise, must be determined by the
nature of the failure. The bond developed in these beams
is given by the formula u=—^
—
, in which u is the bond developed
mod
in the longitudinal bar in lb. per sq. in., V is the total
end shear, m is the number of reinforcing rods, o is the
circumference of the rod, and d is the distance from the
center of reinforcement to the center of gravity of the com-
pressive stresses. In former tests with ordinary test beams
the value of u has ranged from 70 to 190 lb. per sq. in.,
while tests at the same time made on plain mild steel rods
gave values from 200 to 500 lb. per sq. in. Conditions under
which the tests are made on beams and on plain rods differ.
Many assumptions must be made as to the action of bond in
reinforced beams, some of which are likely to be in error.
As in the tests with plain bars, the bond in beams depends
upon the smoothness of the surface of the bars, upon the
uniformity of its diameter, the adhesive strength of the concrete,
and the shrinkage grip developed in setting. In most cases
reported, it appears that the slipping of the rods followed
diagonal tension failure or other primary failure. Tests also
have shown that the diagonal tensile strength of the ordinary
beam will be much weaker than the bond stress between steel
and concrete. However, reverses of this condition have also
been found with tool steel. The fact as stated in Bulletin No.
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4, that a rod has "been found after failure of the beam, to
have slipped is not evidence that slipping occurred before
failure began, and hence, was the primary cause of the failure.
The placing of the loads with respect to the supports is
liable to effect the values of bond obtained.
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BEAM NO. 1011 - 5.
The loads and deflections obtained from beam No.
1011 - 5 are as follov;s:
TABLE OP DEFLECTIONS.
DEFLECTIONS.
LOAD EAST SIDE WEST SIDE
ha • TMIN • TMliN .
U U .UU
2000 0.01 0.00
4000 0.02 0.01
6000 0.03 0.02
8000 0.06 0.04 Small vertical
cracks appeared
10000 0.00 0.07 center and on e
side of load po
12000 0.12 0.09
14000 0.15 0.10
16000 0.17 0.11
18000 0.19 0.13
20000 0.21 0.15
20400 0.24 0.18 Beam failed.
Note
:
A load of 9000 lb. was recorded before a slip of
l/16-in., and a slip of about 7/32-in. occurred before maximum
load.

The unequal deflections on each side of the beam were
due to the fact that the lower horizontal reinforcing rod
was l/S in. off center, nearer the west side of the "beam.
'ine failure as shown in the figure "below was probably
due to the slipping of the longitudinal reinforcing rod.
Such must have been the case because the cracks along the
line of failure were very large, allowing a distinct view of
the bar.
Pig. 2.
4^ 1=-.
The beam, therefore, failed in bond, and the vertical
cracks were caused by this failure, allowing the concrete to
fail in tension. The diagonal shear, oblique to both axes of
the beam, is taken up by the l/2-in. corrugated steel stirrups
Hence we have in this case practically vertical cracks, while
with the single longitudinal reinforcement the beam would
fail by diagonal shear. The first sign of failure in this
beam was a small hair-like crack which appeared at the middle
of the beam, on the east side, and under a load of 8,000 lb.
The maximum load at which the beam failed in bond was 20,400
lb. The load-deflection curve will be found in Plate I. The
formula for bond in the horizontal rod gives a value of 360
lb. per sq. in. for this beam.

BEAM NO. 1011 - 6.
The failure of beam No. 1011 - 6 differs from the
failure of beam No. 1011 - 5 only in the number, and the size
of the vertical cracks. Only two vertical cracks, instead of
five appeared in this case, both about 5 in. toward the end
of the beam from the load points. These cracks were larger
than in the other beam, and no other smaller cracks were
visible. In this case the first sign of failure did not
occur until a load of 12000 lb. had been applied as compared
to 8000 lb. before, hence, the greater bond was developed
in the second case before initial slip. However, according
to the formula used before, the actual total bond developed
was only 297 lb. per sq. in. as compared with 360 lb. per
sq. in. in the first beam. The maximum load before ultimate
failure was only 16,700 lb. compared to 20,400 lb. before.
So we see quite a difference in the behavior in the two
beams. The failure of the second beam was in bond as in the
first.
Pig. 3.

BEAM NO. 1011 - 6.
The loads and deflections obtained from "beam No.
1011 - 6 are as follows:
TABLE OP D E P L E C T T O N S.A X W IN O •
LOAD
LB.
DEFLECTIONS
EAST SIDE
IN.
•
WEST -SIDE
IN.
0.00 0.00
2000 0.01 0.01
4000 0.02 0.02
600C 0.03 0.03 •
8000 0.05 0.05
10000 0.08 0.06
12000 0.09 0.08
14000 0.11 0.10
16000 0.13 0.12
16700 0.28 0.34
The "bond developed in the longitudinal reinforcing
of this beam was 296 lb. per sq. in.

V CONCLUSIONS .
The following conclusions were arrived at from
the results of the tests:
(1) The "bond developed "by a mixture of medium wetness
is the greatest.
(2) Bond developed with flat, plain "bars is much less
than with plain, round rods.
(3) The running friction is quite variable, "but increses
with the "bond developed.
(4) Running friction is equal to from 45to 75 per cent,
of the total "bond.
(5) Shear and adhesion form a part of "bond.
(6) There is wide variation and lack of uniformity in
results on "bond between concrete and steel.
(7) Strength of bond is dependent upon many factors of
construction, composition, and method of testing specimens.
(8) The amount of load for initial slip is important.
(9) It is difficult to determine when a beam fails
primarily in bond.
(10) With flat bars, the bond decreases inversely as the
ratio of the width to the thickness of the bar.

29.
TABLE NO. I
EFFECT OF CONSISTENCY ON BOND.
These spec imens were 8-in. double imbedment
;
1-2-4
mixture and tested at 30 days
.
MARK AREA MAX. BOND RUN- RUN- UNIT
OF OF LOAD LB. PER NING NING STRESS
SPECIMEN EXPOSED LB. SQ. IN. FRIC. FRIC. LB. PER
SURFACE NET LB. LB. PER SQ. IN.
SQ. IN. SURFACE SQ.IN.
Wet
A 12.57 2,980 240 1,400 US 15,100
A 12.57 3,180 265 1,330 106 16 , 150
A 12.57 2,250 180 1,700 135 11,350
Average 12.57 2,800 228 1,480 118 14,170
Medium
7 12.57 2,940 234 2,400 191 15,000
7 12.57 5,350 430 2,900 230 27 ,000
7 12.57 4,770 375 3,200 252 24,000
Average 12.57 4 , 350 346 2,840 224 22,000
Dry
6 12.57 2,750 220 1,050 84 13,700
6 12.57 2,300 185 1,200 96 11,750
6 12.57 3,200 255 1.900 150 16,300
Average 12.57 2,750 220 1 , 384 143 13,820
Note:
All rods used were l/2-in. plain, round,mild steel.
The net area of cross-section is .1963 sq. in. The rod slipped
in all cases.

TABLE NO. II
EFFECT OF PLAT BARS ON BOND. 1907 TESTS.
These specimens were 3-in. double imhedment
;
1-2-4
mixture and tested at 30 days.
IVI HX\lV MAY BOND RUN- RUN- UNIT
OP OP LOAD XT T KTpNUN Li I\l 1 JMlr O IKEjOO
SPECIMEN EXPOSED LB. SQ. IN. FRIC. FRIC. LB. PER
SURFACE NET LB. LB. PER SQ. IN.
SQ. IN. CTTDT? APT? O 1 CjVjLi •
1 x 1/4
12 20.0 3,650 183 2,200 110 14,600
12 20.0 3,300 165 2,500 125 13,200
12 20.0 3 , 140 157 • 2,000 100 12,400
Average 20.0 3,365 168 2,240 112 13,400
1 1/4
x 3/8
13 26.1 4,150 160 3,200 250 8 ,800
13 26.1 4,300 165 2,800 223 9,200
13 26.1 4,950 190 3,640 290 12,700
Average 26.1 4,467 172 3,213 254 10,350
Note:
The area of cross-section of the 1 x l/4- in. bar
is 0.25 sq. in., and of the 1 l/4 x 3/8-in. bar 0.468 sq. in.

31.
TABLE NO- TT -
EFFECT OP PLAT BARS ON BOND. 1908 TESTS.
These specimens were 8-in. single imbedment
;
1-2-4
mixture and tested at 30 days. The initial slip was taken
as 0.001-in.
MARK LOAD BOND FINAL MAX. BOND UNIT
OP AT LB . PER SLIP LOAD LB. PER STRESS
SPECIMEN INITIAL SQ. IN. IN. SQ. IN. LB. PER
SLIP NET NET SQ. IN.
LB. SURFACE SURFACE STEEL.
1 x 1/2
1 3,610 151 0.030 4,770 199 9,540
1 3,750 156 0.020 5,600 234 11,200
1 5,250 219 0.020 7,390 308 14,750
1 3,840 160 .025 4,730 197 9,470
1 .030 6,410 268 12,350
Average 4,112 172 0.025 5,780 225 11,600
3/16 x
1 1/4
2 4,820 209 0.002 4,830 210 20,600
2 3,510 152 0.010 3,950 172 16,900
oa 4,280 186 0.010 4,880 212 20,800
2 3,770 159 0.010 4,170 182 17,800
2 3,510 152 0.010 3,930 171 16,700
Average 3,940 171 0.008 4,352 188 18,600

32.
TABLE NO. II - 2 (Oontd.
)
EFFSGT OF FLAT B ARS ON BOND. 1908 TESTS.
TV) F> C!O specimens were 8-in. single imbedment; JL—w—*t
mixture and tested at 30 days. The initial slip was taken
at 0.001-in.
LOAD BOND FINAL MAX. BOND UNIT
OP AT LB. PER SLIP LOAD LB. PER STRESS
INITIAL SQ. IN. IN. LB. SQ. IN. LB. PER
SLIP NET NiLi SQ. IN.
T P
., ..i. • SURFACE SURFACE b 1 liEL •
O v 1 /A
O 3,750 104 0.015 5,230 146 1 O A9.0
r?O 2,720 76 0.025 4,400 122 r 000
3 2,070 58 0.020 3,060 86 A 1 90
3 5,570 155 0.015 7,090 197 1 A 900X*± , 6UU
3 2,240 63 0.015 A rf^A<t , o I U 8,750
Average 3,470 91 0.018 4,830 134
Round Rods
ft 2,740 145 0.050 5,100 270 1 1 "son
4 0.035 5,640 300
4 3,400 184 0.025 4,360 231
4 4,850 257 0.015 6,380 349 1A A^iOit , *± J \J
4 4,510 239 0.030 6,740 357 15,250
Average 3,895 207 0.031 5,644 302 1? 750
Note:
Area of exposed surface of 3/4- in. round rod; 1 x l/2,
3/16 x 1 1/4, 2 x 1/4- in. flat bars is 18.84, 24.00 , 23.00,
36.00 sq. in. Area of net section of 3/4-in. round rods; 1 x 1/2,
3/16 x 1 1/4, 2 x 1/4-in. flat bars is 0.44, 0.50, 0.23, 0.50

TABLE NO. Ill
TEST FOR MOVEMENT OF BAR BEFORE MAXIMUM LOAD , BY
LEWIS INSTITUTE METHOD.
MARK
OF
SPECIMEN
LOAD
LB.
BOND
LB. PER
SQ. IN.
NET
SURFACE
SLIP IN
IN.
AVERAGE
UNIT
STRESS
LB. PER
SQ. IN.
STEEL
REMARKS
3a OOOO 00.0 0.0000 0000 Zero Reading
3a 250 9.9 0.0051 1,270
3 a 500 19.8 0.0135 2,560
3a 750 28.7 0.0177 3,830
3a 1000 39.8 0.0195 5,110
3a 1250 49.7 0.0210 6,130
3a 1450 52.6 Max. Load
Rod Slipped
3b 0000 00.0 0.0000 0,000 Zero Reading
3b 250 9.8 0.0133 1,270
3b 500 19.8 0.0245 2,560
3b 750 28.7 0.0352 3,830
3b 1000 39.8 0.0412 5,110
3b 1250 49.7 0.0475 6,130
3b 1500 59.8 0.0540 7,660
3b 2000 79.6 0.0561 10,200
3b 2500 99.5 0,0560 12,700
3b 3000 119.0 0.0530 15,300
3b 3500 139.0 0.0473 17,900
3b 3960 158.0 0.0400 20,300 Max. Load
Rod Slipped

34.
TABLE NO. Ill (Contd.)
TEST FOR MOVEMENT OF BAR BEFORE MAXIMUM LOAD , BY
LEWIS INSTITUTE METHOD.
MARK
OF
SPECIMEN
LOAD
LB.
BOND
LB. PER
SQ. IN.
NET
SURFACE
SLIP IN
IN.
AVERAGE
UNIT
STRESS
LB. PER
SQ. IN.
STEEL
.
REMARKS
3c OOOO 00.0 0.0000 0,000
3c 250 9.9 0.0172 1,270
3c 500 19.8 0.0433 2,560
3c 750 28.7 0.0650 3,830
3c 1000 39.8 0.0770 5,110
3c 1250 49.7 0.0865 6,130
3c 1500 59.8 0.0970 7,660
3c 1750 69.5 0.1050 8,950
3c 2000 79.
6
0.1115 10,200
3c 2250 89.5 0.1170 11,450
3c 2500 99.5 0.1210 12,700
3 c 2750 109.5 0.1250 14,000
3c 3000 119.0 0.1340 15,300
3c 3250 128.0 16,600
Rod Slipped
Note
:
All rods used were l/2-in. plain, round, mild
steel, net area of section 0.1963 sq. in., the mixture was
1-2-4, with 16-in. single imbedment and tested at 30 days.
The area of exposed surface was 25.14 sq. in.
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